Summary We studied the light and stereomicroscopic structure of developing vegetative buds from a 16-year-old Norway spruce [Picea abies (L.) Karst.] of southern Finnish origin in relation to temperature sum and to externally visible changes in the buds before and during bud burst in forcing conditions. Branches were collected on 17 January and transferred to the greenhouse where they were first subjected to preforcing conditions (darkness, +4°C) for 7 days and then to the forcing conditions (day length 12 h, +20°C). Buds were sampled 20 times between 17 January and 13 February. Air temperature was recorded hourly throughout the study period. The first microscopic change was a temporary increase in the size and number of lipid droplets before the onset of temperature sum (T ! +5°C) accumulation. From the 4th to the 9th day under the forcing conditions, tracheids started to develop from the base up to the top of the bud. This was closely synchronized with an observed morphological change in the shape of needle tip from rounded to pointed ones. Development from the first visible change in the bud scales on the 12th forcing day to bud burst took 9 days when the temperature sum was 313 d.d. The temperature sums in our experiment overestimated the requirements of temperature sum for bud development phases measured in the field. Bud development could be divided into four structural phases. The first two phases, i.e., morphological changes in the primary needles, occurred without any externally visible changes in the buds. Thus, these phases have a potential for testing and improving the phenological models, which, up to now, have mainly been based on the bud burst observation by the naked eye.
Introduction
Trees growing in the northern boreal zone are confronted with seasonal variation in temperature and light conditions, and the period of active growth and the frost hardy dormant state therefore alternate in their annual cycle (Weiser 1970 , Sarvas 1972 , 1974 , Fuchigami et al. 1982 . Proper timing of the change from the susceptible active growth state to the frost hardy dormant state and back is fundamental to the survival of trees and is regulated by the interaction between genetic and environmental factors.
After the cessation of growth in the autumn, the vegetative buds of trees enter a state of dormancy, which is usually divided into three consecutive phases (Lang et al. 1987) . The nature and depth of dormancy changes gradually during autumn and winter. During dormancy development in the autumn, the buds enter endodormancy, during which they are incapable of growth, even when favourable growing conditions temporarily return (Doorenbos 1953 , Samish 1954 , Lang et al. 1987 . Release from endodormancy, which demands prolonged exposure to low chilling temperatures (e.g., À5 to +10°C), is followed by ecodormancy, which is characterized by physiological changes and by an internal ability to grow and develop towards bud burst (Romberger 1963 , Weiser 1970 , Kobayashi and Fuchigami 1983 , Ha¨nninen 1990 ). Ecodormancy is maintained by unfavourable low ambient temperatures and released by forcing (e.g., T > +5°C) temperatures (Smith and Kefford 1964 , Perry 1971 , Fuchigami et al. 1982 . Bud burst takes place when the accumulated temperature sum exceeds a species-specific threshold (Sarvas 1972 , Campbell and Sugano 1975 , Cannell and Smith 1983 . Thus, the onset of growth in spring is mainly regulated by air temperature (Sarvas 1972) , although light conditions, like day length, also play a role (Heide 1993a , 1993b , Ha¨kkinen et al. 1998 , Partanen et al. 1998 , 2001 ).
The timing of the release from bud endodormancy and the switch to ecodormancy, as well as the decrease in frost hardiness during bud development, are critical for trees that are growing in boreal and temperate regions (Sarvas 1972 , 1974 , Fuchigami et al. 1982 , Kalberer et al. 2006 . Too early onset of growth and dehardening in spring can cause frost damage and poor survival, whereas the delayed onset of growth leads to poor use of the growing season and to poor competitive ability (Heide 1985) . Predicted global warming over mid-and high latitudes, especially during winter months (Bolin et al. 1986 , Schneider 1989 , Carter et al. 1995 , can be expected to make the boreal forests more susceptible to frost damage due to the increased frequency of fluctuations in the temperature in early spring (Ahas et al. 2002) . This may offset the more positive effects of increased productivity related to warmer and longer growing seasons (Jarvis and Linder 2000) . On the other hand, relatively high temperatures during autumn have been shown to delay bud burst in the following spring in boreal broad-leaved tree species (Heide 2003) .
The timing of bud burst in relation to present and future temperatures has been reported in several studies on both conifers and broad-leaved trees. However, most of them are based on the visible phenological changes in the bud, e.g., bud swelling, bud burst and leaf unfolding (e.g., Linkosalo et al. 2000 , Slaney et al. 2007 . Bud development models have been used in different types of simulation to forecast the possible consequences of global climate warming (Ha¨nninen 1991 , 1995 , Kelloma¨ki et al. 1995 , Linkosalo et al. 2000 . In most models, the beginning of vegetative bud development during ecodormancy is not based on the observations made inside the buds but on the theoretical assumptions or estimations extrapolated from the bud burst observations (Cannell and Smith 1983, Ha¨kkinen et al. 1998) . To evaluate and improve the accuracy of such models, it is necessary to make observations on changes that occur inside the bud before any externally visible signs can be seen.
The changes in the vegetative buds of conifers from winter to spring and summer have been documented at the molecular, genetic, anatomical, fine structural and biochemical scales (Kupila-Ahvenniemi et al. 1987 , Hejnowicz and Obarska 1995 , Bı´lkova´et al. 1999 , de Fay¨et al. 2000 , Guzicka and Woz´ny 2003 , Jordy 2004 , Gyllenstrand et al. 2007 , Yakovlev et al. 2008 . As far as we know, however, the anatomical and morphological developmental phases from early ecodormancy up to bud burst in the vegetative buds of Norway spruce [Picea abies (L.) Karst.] have not been described in detail on the basis of daily sampling in relation to the accumulating temperature sum and to the visible appearance of the buds.
The aims of this study were (i) to identify the initial anatomical and morphological changes that indicate the start of bud development in Norway spruce, (ii) to describe the structural developmental phases in the primordial shoots of vegetative spruce buds in relation to temperature sum and to externally visible changes in the buds during ecodormancy and (iii) to identify anatomical and/or morphological phases that could be used in the practical field investigations, in addition to the visual observation of bud burst. We followed the daily development of buds by the naked eye and with stereo-and light microscopes on freshly cut and chemically fixed buds that were detached from the branches kept in the experimental forcing conditions.
Materials and methods

Sample tree
Branches were collected from one randomly selected 16-year-old Norway spruce tree. The tree is growing in a progeny trial (number 1416/3) established on a Myrtillus site type (Cajander 1949) in the neighbourhood of the Punkaharju Research Unit (61°48 0 N and 29°20 0 E) of the Finnish Forest Research Institute. The tree is of southern Finnish origin and is grown from the seeds produced at seed orchard number 73 in Tammela (60°39 0 N and 24°02 0 E) and collected from grafts of the mother tree E 170 from Ruokolahti (61°20 0 N and 29°00 0 E). The seedling was raised at Patama nursery in Saarija¨rvi (62°45 0 N and 25°38 0 E) before being transplanted to Punkaharju in June 1993. The air temperature was recorded once an hour in the field at a height of 2 m above the ground level with Tinytalk Data Loggers. Figure 1 shows the average daily air temperature and accumulated chilling units (ch.u. h 
Preforcing and forcing conditions
On 17 January 2007, 25 branches were detached from the second, third and fourth uppermost branch whorl and taken indoors to the laboratory of the Punkaharju Research Unit where they were kept for 1 week in darkness at +4°C with their cut ends placed in water. After this preforcing period, they were moved to the forcing conditions in a greenhouse where the air temperature was kept constant at +20°C and the day length 12 h. A relatively high forcing temperature, +20°C, was used to ensure that bud development would be successfully completed on the detached branches. The photoperiod was controlled using black curtains. The natural day length was extended using metal halide lamps (Philips HPI-T Powertone 400 W). Photosynthetically active radiation at branch level was about 50 lE m À2 s
À1
. The curtains were kept open and the lamps were on between 6 am and 6 pm (standard time). To guarantee a water supply to the branches, their ends were cut and the water in the buckets was changed once a week. The air temperature was recorded once an hour in the preforcing and in the forcing conditions at the branch level with Tinytalk Data Loggers.
Sampling and analysis of the buds
At each of the 20 sampling dates (17 January-13 February), one branch was selected randomly and five about 2.5 cm long shoot tips with the terminal bud and buds surrounding it (whorl buds) were cut off and put in a test tube containing a fixative solution (2% glutaraldehyde in cacodylate buffer; pH 7.0). The molarity of the cacodylate buffer was adjusted to 0.1 M in the preforcing conditions, to 0.07 M during the first seven days in the forcing conditions and to 0.05 M up until the end of the samplings (Soikkeli 1980) . Sampling was carried out in the morning hours (between 8 and 9 am), except for the first sample that was taken at 1 pm on 17 January when the branches were brought in from the field. The second sample was taken on 22 January when the fifth preforcing day was completed, and the third sample was taken on 24 January when the 7th preforcing day was completed, i.e., immediately before moving the branches into the forcing conditions. Thus, the first forcing day was 25 January when the branches had been in the forcing conditions for the first 24 h. A sample was taken daily from the first to the 15th forcing day, and the last two samples were taken on the 19th and 20th forcing days (Table 1) . The sample tubes were transported in a cool bag to the Joensuu Research Unit of the Finnish Forest Research Institute for morphological and anatomical studies.
The procedure used in sampling the terminal and whorl buds of a sample branch for anatomical and morphological analyses and for length measurements is shown in diagrammatic form in Figure 2 . The samples for anatomical analysis were taken from 17 January up until forcing day 6, and for all the other analyses on 20 occasions from 17 January until forcing day 20, when the study was terminated. Fixation of the anatomical samples was performed as described by Kivima¨enpa¨a¨et al. (2004) . Longitudinal sections across the two terminal buds, as well as cross-sections from the top of one whorl bud (Figure 2) , were sectioned on an LKB 2128 Ultratome (Bromma, Sweden). The 1.5-lm-thick sections were stained as described by Kivima¨enpa¨a¨et al. (2004) , and possible anatomical and cellular changes were observed under a light microscope (Leica DM2500, Germany) at 100-400· magnifications and photographed using a digital camera (Leica CD Camera, Switzerland). Adobe Photoshop (Version 6.0) was used for measurement and analysis of the digital images.
The length of the whole bud and that of the primordial shoot of two terminal buds ( Figure 2) were measured from the lowest part of the collenchyma plate to the top of the bud or primordial shoot under a stereomicroscope (Wild, Switzerland) at 60· magnification (see Figure 3A) . The ratio of the length of the primordial shoot to that of the whole bud was calculated. Longitudinal fresh sections were cut from the remaining three terminal buds (Figure 2 ) with a razor blade under a stereomicroscope. The freshly cut sections were stained with 1% toluidine blue for 2 min and examined under a light microscope at 100· and 400· magnifications for the development of tracheids and for other possible changes.
From the four collateral shoots, one whorl bud per shoot ( Figure 2 ) was removed from their bud scales, and the upper surface of the green primordial buds was observed under a stereomicroscope at 60-120· magnification from different angles to determine the developmental phases of the primordial needles and the appearance of the apex. The primordial needles and apex were also observed on all the other buds when they were being prepared for other analyses.
Results
The accumulated chilling between 1 September and 17 January, which was the day of branch sampling in the field, was 1237 chilling units (ch.u. h À1 ) (Sarvas 1974) (Figure 1 ). The buds sampled in the field had a typical dormant structure. The mean ratio of the length of the primordial shoot to the total length of the bud was 0.3 ( Figure 3A ; Table 1 ). The bud scales were compact and the outer surface glossy, whereas the innermost scales next to the primordial shoot were delicate and living ( Figure 3A) . The primordial needles, which were tightly compressed against the primordial shoot and surrounded the naked star-shaped apex at the top of the bud, were blunt giving the tips a rounded appearance ( Figure 3B and C) . Under the light microscope the meristematic cells, which are characterized by a large nucleus and smooth cytoplasm without a vacuole, were dominant everywhere, except for the procambial rows next to the lowermost primordial needles and some tanniferous vacuolated cells in the primordial shoot ( Figure 4A ). The central mother cells in the apex had small lipid droplets that were not seen in the other apex cells.
At the light microscopic level, the first observed change was an increase in the occurrence of lipids in the fixed samples collected on the 7th preforcing day ( Table 1 ). At that Table 1 . Anatomical and morphological characteristics of developing vegetative buds of Norway spruce. The presence of lipid droplets in the cells (À = event not yet/no longer present, + = moderate and ++ = abundant), tracheid development from the bud base up the whole bud, change of primordial needles to pointed ones at the base and top of the bud, visibility of bud apex related to growth of primordial needles (wholly visible = no needle growth, partly visible = needle growth started and apex only partly visible, not visible = apex totally covered by the growing primordial needles), mean length (mm) of the primordial shoot and that of the whole bud and their ratio. Branches were collected and transferred from the field to the preforcing conditions on 17 January and to the forcing conditions on 24 January. The presence of lipid droplets was checked on the first sample in the field up to the sample taken on forcing day 6.
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Event present in 80% of the analysed buds.
time the degree day sum (d.d.) and degree hour sum (d.h.) were still at zero, whereas the period unit sum was 233 p.u. h
À1
. The increased number and size of the lipid droplets were first seen in the meristem between the procambial row and the lowest primordial needles ( Figure 4A and B) . At their maximum during the second and third forcing days (Table 1) , the lipid droplets could be seen almost everywhere in the meristematic cells up to the apex area of the buds. On days 5 and 6 of forcing, the phenomenon was no longer visible, but the differentiation of primary conduction tissue and of needle tissues had become clear ( Figure  4C ). The first small tracheids in the primary conduction tissue were found next to the lowermost primordial needles in the freshly cut longitudinal samples on the 4th, 5th and 6th days of forcing (Figure 5A and B; Table 1 ). On days 7 and 8, the tracheids were long, well developed and extended up to half of the primordial shoot length, and from day 9 onwards up to the primordial needles next to the apex ( Figure 6A ; Table 1) .
At the stereomicroscopic level, the first changes in the buds were seen on the 5th forcing day, when the tips of the lowermost primordial needles had become pointed ( Figure 5C ; Table 1 ). Practically no elongation of the primordial shoots had occurred up to this point (Table 1) , and the bud scales were still compact and glossy like in winter (see Figure 3A) . From day 8 onwards, the primordial needles in nearly all of the buds had started to become pointed even at the top of the primordial shoot, and the apex consequently started to be partly covered by the pointed primordial needles (Table 1 ). Up to day 11 the bud scales were still more or less in the winter condition. Due to the length growth of all primordial needles, the apex was no longer visible in most of the buds by day 12, and in none of the buds from day 13 onwards ( Figure 6B ; Table 1 ). On day 12, the bud scales started to loosen and were slightly parted on day 13, when the primordial shoots were also about one half of the total length of the vegetative bud (Figure 6C and D Table 1 ), the primordial shoots were 80% or more of the total length of the bud, and the bud scales strongly stuck out ( Figure 7A and B) and were very loose ( Figure 7C ) or bud burst was completed ( Figure 7D ). The small bud scales of the newly emerging bud could be seen on the top of the Terminal buds (Tb) and whorl buds (Wb) were taken for analysis from the terminal shoot of the branch and from the four lateral shoots nearest to it. The lines show how the five shoot tips were cut off a branch. The black colour in two of the terminal buds, as well as the black colour in one whorl bud, indicates the bud parts taken for anatomical studies (chemically fixed samples). The white parts of these two terminal buds were used for the measurement of length growth of the primordial shoot and of the whole bud. The terminal buds marked with asterisks were longitudinally freshly cut for anatomical analysis of tracheids. The unmarked whorl buds were removed from their bud scales and photographed for morphological analysis of the primordial needles and apex. The morphology of primordial needles on all other buds was also observed when preparing the buds for other analyses. developing 'old' bud under the lengthening primordial needles from day 12 (see Figure 7A ).
Discussion
The structure of the dormant vegetative buds (e.g., small size of primordial shoot compared to the size of the whole bud and the meristematic nature of nearly all the bud cells) observed in this study on 17 January in the field was similar to that reported elsewhere for Norway spruce buds sampled from branches only (Hejnowicz and Obarska 1995 , Bı´lkovaé t al. 1999 , Guzicka and Woz´ny 2003 or from the branches and from the leader shoots of young and adult trees (Sutinen et al. 2006 (Sutinen et al. , 2007 . From 1 September up to 17 January, the magnitude of accumulated chilling was 1237 ch.u. h
À1
. As the accumulated chilling needed for the release of endodormancy and onset of ontogenetic development towards bud burst is 420 ch.u. h À1 for Norway spruce (Sarvas 1974) , it is obvious that the buds in the branches collected for our forcing studies were already in the stage of ecodormancy, i.e., ready to grow in favourable conditions. Starch, carbohydrates and fats are the most important energy reserves of plants. Conifer needles, and the inner bark of branches (Sudachkova et al. 2004 ) as well as buds , contain such energy reserves. Thus, the buds are self-sufficient in respect to nutrition at least during the early development stages. This was also the case in our detached branches because it was possible to follow bud development until bud burst. From the late autumn up to the late dormant state, the concentrations of sugars and lipids (Jordy 2004) in the buds are at their highest. When approaching bud break, the concentration of sugars and lipids in the buds/needles decreases, thus indicating the use of these storage substances for the development of the buds (Jordy 2004 , Sudachkova et al. 2004 . In this study, the temporary increase in the size and number of lipid droplets during the first four forcing days seemed to be connected to the provision of energy for the development of the first tracheids that appeared on the 4th day of forcing. Starch accumulation was not found in this study, which may be due to the lack of starch grains or to the tiny size of the starch grains that could not be distinguished at the light microscopic level in the fixed material during the first six forcing days. Further studies in the field are needed to obtain a more comprehensive understanding of the annual dynamics of reserve compounds and their appearance in dormant and developing spruce buds in the boreal zone.
The increase in lipids, seen only at the cellular level in the chemically fixed buds, occurred when the period unit sum had reached 233 p.u. h À1 , but the temperature sum (T ! +5°C) was still at zero. Thus, according to this study, the period unit accumulation would be a better indicator of the early stages of bud development than the ordinary temperature sum. However, because of the lack of quantitative knowledge about the lipid dynamics of buds in the field, the true relationship between lipid accumulation and temperature in the development of the buds is still only at a hypothetical level.
Development of the tracheids was closely synchronized with the morphological change from rounded to pointed primordial needle tips. By day 11 of forcing, the primordial needles were pointed in all the buds up to the apex that were still partly visible. The first external visible changes were seen on forcing day 12, when the bud scales started to stick out. A similar early phase of bud development (Stage B1) in P. abies has been described earlier by Slaney et al. (2007) . The morphological change in the needles was completed on forcing day 13, i.e., on the fifth day since the phase when the tracheids had extended up to the top of the developing bud. At this time, the elongating needles covered the apex and the primordial shoot had grown up to half of the whole bud length. The importance of tracheids in bud burst and in rapid elongation has been reported earlier in P. abies (de Fay¨et al. 2000) . From forcing day 12 to day 20, the parting and abscising of the bud scales were similar to those described earlier for Norway spruce by Slaney et al. (2007) .
The temperature sum for observed bud burst (burst of bud scales and tips of needles emerging) of Norway spruce originating from northern latitudes (58°N-68°N) varies from about 129 to 189 d.d., depending, for example, on the latitude and altitude of the seed origin (Beuker 1994 , Hannerz 1999 , Slaney et al. 2007 ). In the forcing conditions of our study, the temperature sum of 190 d.d. was reached on day 12, by which time all the needles had become pointed and elongation of the primordial shoot was apparent, and the bud scales had started to loosen. Close to bud burst (day 20), the temperature sum was 313 d.d. Bud burst of the Norway spruce trees in the study of Slaney et al. (2007) took 40-50 days (estimated from Figure 5 in Slaney et al. 2007) , while under the forcing conditions in this study the period between the bud burst and the first visible changes in the bud scales lasted for 9 days. It is clear from the above that the temperature sum accumulated during the forcing period overestimated the temperature sum requirements for the biological phases of bud development.
In our one-tree experiment, there was between-bud variation only in the timing of the phases where the primordial needles became pointed in the top of the buds, and when the apex was totally covered by the elongating primordial needles. More comprehensive field material is needed to determine the variation in the development rate of the buds within and between trees and between different aged trees. Further studies in the field are also needed to determine how the phases observed here develop at temperatures in the field, and which of the observed phases could be used in practice in extensive investigations, as well as for the evaluation and improvement of models. Although the timing of morphological changes within one tree, between individual trees and between trees of different seed origins varies, the structure and sequence of bud development phases in Norway spruce trees most probably follow a similar pattern to that seen here.
In conclusion, the first sign of bud development was an increase in the size and number of lipid droplets at a very low temperature sum value. This was followed by the development of tracheids from the base up to the top of the buds, which was closely synchronized with the morphological change of primordial needles from rounded to pointed ones. Based on the morphological changes in the needles and on the lengthening of the primordial shoot, bud development can be divided into the following four phases: (i) the primordial needles in the base of the bud become pointed, (ii) the uppermost primordial needles are pointed and partly cover the previously naked apex, (iii) all the needles have started to elongate and thus totally cover the apex and (iv) visible elongation of the bud. The morphological changes in the primordial needles to pointed-topped ones (phases i and ii) occurred without any externally visible changes in the buds. Phase iii corresponds to the beginning of externally visible bud development and phase iv corresponds to the visible lengthening of the bud. Thus, phases i and ii have a potential use in future field studies for testing and improving phenological models, together with visible bud burst observations. However, the accumulated temperature sums needed for the phases of bud development will most likely be lower in the field than in the forcing conditions used in this study.
